Abstract
2) determining the spins and parities of the lower-lying quasi-particle
states. This ordering depends critically on the sign~of the nuclear deformation, and if states can be assigned to definite Nilsson orbitals the sign of the deformation may be determined.
•.
.
The odd-A nuclei in this region have rec.ently been · studied by several authors, an~\the second of the above methods has been used to deduce the nuclear shape. The existence of low-lying 11/2-levels, assigned
. Ba an a ave een o serve an aga1.n 1.n erprete as arising from oblate deformation. It should be stressed that the arguments supporting a negative deformation parameter have generally been based on the assignment of only one 11/2-level in each nucleus. In contrast to these data, an isomer with an anomalously large prolate deformation has been reported in 133 1 a ( 15)) ref.
• It should be noted that such results are not as definitive as might be hoped. For example, in the present case a low-lying 11/2-state might be the [505] Nilsson level, as has been suggested, and so indicate an oblate shape, or it might be the 11/2-level of the band based on the [550] n = 1/2
Nilsson state. The latter state has a large negative decoupling parameter, and so results in a distorted band with the 11/2 member lying low if on the prolate side. Thus, the mere occurrence of a low-lying 11/2-level really does not decide bet~een oblate and prolate shapes.
•· But the results of an in-beam study of the rotational band built on this level The reactions used arei indicated in Table 1 ; the Berkeley HILAC provided the heavy-ion beams. The beam pulses, normally 5 ms long with a repetition rate of 36 times/s can be further chopped using an electrostatic deflector system in order to provide beam bursts as short as 0.25 ~s with continuously variable repeat intervals ( ~ 2.5 ~s). This facility was used to study isomeric decays. Self-supporting and lead-backed targets of 2 isotopically enriched. material~ were used, and we:re typically 1-2 mg/cm ;! in thickness.
Singles y-ray spectra were recorded both in-beam and between beam pulses, using a Ge(Li) detector at 90° to the beam direction. Excitation functions were per.formed for all the isotopes studied and provided a unique assignment of the mass. In some cases angular distributions were perfOrmed using two Ge ( Li) detectors,' one of which was fixed and used as a monitor. The ' 16 method has been described in ref.
) .
It is possible by half-life considerations alone to restrict the 'prompt' transitions (T 112 < 20 ns) observed to Ei, Ml or E2 multipolarities.
The method of population of the statesi7) generally implies that the observed y-rays decay from a state of higher spin to one of lower spin. TwO Ge{Li) detectors, placed opposite each other and at 90° to the beam direction, were used for y-y coincidence measurements. A conventional fast-slow system was used incorporating a time-to-amplitude converter (TAC).
The data were stored event-by-event on magnetic tape using a PDP-7 computer system. Each event is characterized by four parameters: the two y-ray energies; the fast-timing signal from the TAC; and a slow-timing signal indicating when the coincidence occurred relative to the beam pulse. Storage of the TAC output enables measurement of half-lives in the range 30-500 ns, and also permits subtraction of random coincidence events. The slow-time parameter enables coincidence events associated with long-lived {3-decay products or isomers to be recognized.
Out-of-beam conversion-electron spectra were recorded in the case of 131L a, using the chopped-beam facility to study the 170 ~s isomer decay. A solenoidal spectrometer with a cooled Si (L i) detector was used for this purpose.
Typical resolution for the 624 keV conversion line of 137 cs was 3.5 keV.
In the case of La, y-ray spectra were recorded in coincidence with charged particles evaporated ffom a Ce compound system. Details of the ' method are discussed in rer. 18 ).
-8- Table 2 . For each isotope we have listed the y-ray energies, the relative transition intensities, the angular distribution coefficients when determined, the y-ray multipolarities and the transition assignments.
The dominant feature of the spectra associated with the lighter isotopes studied is a sequence of strong y-ra:ys which closely resembles the y-ray spectra of the ground-state band of the neighboring d,oubly-even Ba isotopes~
In the cases where angular distribution measurements were performed, these transitions were found to be consistent with stretched E2 assignments. Even in the heaviest isbtopes studied, 13 518. and 137 La, ·.there is one strong transition which is consistent with a stretched E2 assignment and whose energy is very close to the 2+ ~ 0+ y-ray of the doubly-even Ba core, i.e., essentially equal in intensity to the lowest member of the band. In the comparison of these intensities, corrections were made for internal electron I conversion and also for the timing relationship between the in-beam and out-ofbeam spectra. The decay of this isomer has been studied previously 11 ' 12 ) . The . .
• fig. 4b .
Only the 109 keV and 170 keY transitions were observed in the I conversion electron spectrum; thf data are summarized in Table 3 . The K/(LH-f) ratios are determined directly from the electron spectrum; the experimental ak is determined assuming the decay scheme of fig. 4b , _i.e;, assuming the 170 keV and 109 keV transitions have approximately the same total intensities.
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LBL-1601
The 133 La spectrum is rather complex. There are two strong transitions which are obvious candidates for tihe lower two members of the band which was observed in the lighter isotopes. These two transitions are in coincidence with each other and precede a 60 ns delay. The delay is associated with a level at 535 keV whose decay is shown in fig. 4c . ) . Assignments made-by several workers are indicated in fig. 4c and are discussed later. Table 2 . The isomeric decay scheme is shown in fig. 5 .
The spectrum associated with 137 La shows strong y-rays from the decay of the well-established 11/2-state at 1.004 MeV. Only one other strong transition at 782 keV has been assigned. This is in coincidence with the y-rays from the 11/2-state and has an anisotropy consistent with a stretched E2
transition. Recently, studies of the (a., t) transfer reaction on some doubly-even barium isotopes have been carried out 23 ). + + ' States assigned as 5/2 , 7/2 , and 11/2-are the only levels strongly populated in the odd-A La isotopes between masses 131 and 13~(. These results confirm the 11/2-assignnment for this isomer.
La nucleus. The ground-state spin of this nucleus is expected to be the same as that of'i;;he neighboring 131 La, i.e., 3/2+. The ..
., Ari attempt was made to explain this 15 ) by assuming a shape-hindered transition.
However, the 58.4 keV El branch from the same level has a hindrance of only l. 3 x 10 5 , which is typical for El transitions, but should also be shape 15 hindered if one uses the arguments of ref.
). Our assignments remove this difficulty, making the 404 keV y-ra:y an M2. The hindrance factor associated -+ with it is then-50 in very good agreement with the ll/2 -+ 7/2 transition in 131 1a which is hindered by -100. . The large hindrance associated with the 9/2+ + 7/2+ tr~1sition will be discussed later.
. 15 The nuclear moments of the 535 keV level have been reported ). There has been some difficulty in the interpretation of the observed magnetic moment.
However, since we believe the spiri of the state is 11/2-, a_ re-evaluation of this moment is in order. The observed quantity in ref. 15 ) must be the g-factor of the state, which would be g = ~/I = 1.4 . This is very close to the Schmidt value for the h 1112 proton (gSchmidt = 1.42). The interpretation of the 11/2-state as discussed below indicates mainly h 1112 single-particle character. While the difficulty in the magnetic moment is resolved, the experimental result on the quadrupole moment ls still difficult to explain.
The deformation parameter deduced from it was anomalously large, B = 0.47. The re-evaluation with the new spin assignment yields an even larger value of Q and B. This is unreasonable, and the measured quadrupole frequency needs to be checked.
4.1.6. 135 The La nucleus. The 135 ce decay has been well studied.
Only one y-ray common to both this decay and to the in-beam work has been observed. This is the 119 keV 7/2+ + 5/2+ transition, the ground-state being + well established as 5/2 . The angular distribution coefficients, listed in table 2, are the only available data on which spin assignments .can be made.
The known 119 keV transition has an essentially isotropic distribution. This .
•
• . . •
2. THE POSITIVE-PARITY STATES

I , I
The energy-level variation of these states is shown in fig. 6 But then the large Ml hindrance associated with transitions between these levels 24 ) is difficult to explain (see Table 5 ). Finally, the presence of the 9/2+ level is not expected from such a strong-coupling model. show striking similarities to the states in fig. 6 . Indeed, except that the 3/2+ state appears too high in the calculations, the agreement is remarkable. With this description the 5/2+ and 7/2+ states have largely single-particle character, whilst the other states involve core-excitation. + In particular, the 9/2 level would then be a 5/2+ particle coupled to a 2+ core-excitation. This is supported by the values of the ratios, R /R with R = T(E2; 9/2-+ 5/2)/T(Ml; 9/2-+ 7/2), exp s .p. . . + + given in Table 5 , and also by the energies of the 9/2 -+ 5/2 transitions listed there which are within 20 keV of the corresponding 2+ -+ 0+ transition of the doubly-even core nuclei. The properties of the positive-parity states seem, then, to be well described by this model. A new scheme will be presented below for the negative-parity states and will be shown to describe them very well; it remains to be seen what such a model will yield for these positive-parity levels. We believe that a new coupling scheme, which we call"rotation-aligned", is the explanation for the band observed. A preliminary account of this has already been published 31 ), but we would like to give here the physical background for the scheme, and to amplify the description. Consider a particle coupled to an axially-symmetric rotation core. The Hamiltonian can be written Hintr must also be specified, as for example, by the Nilsson model. We shall use, 31 as before ), a linear approximation to the Nilsson expression,
3. THE NEGATIVE-PARITY BAND
where the constant, 206, has been determined to give the best fitting to the h 1112 protons in the complete Nilsson diagram.
In the limit of strong coupling, the term H becomes vanishingly c small; n becomes a good quantum number, and each state involves a h2 distribution in R. Thus, eq. (2) approaches the expression, that the most efficient wa;y to carry angular momentum in a strongly-deformed nucleus is by rotation of the core; h 2 /2~ is small, and the different projections of the particle angular momentum have relatively large energy separations.
. 2
But as the deformation, @, is made smaller, the value of h. /2~goes up, so that there comes a point where it is cheaper energetically to vary the projection of the particle angular momentum than the rotational angular momentum of the core. Near this limit, the so-called Coriolis term, H , becomes very large and c .
~ntr becomes small. This corresponds to the weak-coupling limi t3°), where nearly aligned (such states go over eventually into the highest-spin member in each weak-coupling multiplet). Hence, the origin of the name, "rotation aligned", for this coupling scheme. The force which drives a nucleus from strong coupling into the new scheme is the Coriolis force, and when the particle and core angular momenta are nearly aligned, the Coriolis force becomes very small and there is no longer any appreciable coupling between the particle and the rotation of the core. Thus, the differences in energy for these levels are just those of the core itself. The result is observation of a gamma-ray cascade,,~ j+4 ~ j+2 ~ j, consisting of stretched E2 transitions very similar to those of the ground bands of the neighboring doubly~even core nuclei. This band of levels has been called the "decoupled" band.
For this band, spatial alignment of the particle angular mementum with that of the deformed core requires, in terms of the strong--24-LBL-1601 coupling wave functions, contributions from all possible Q-components for a given j. But the most important one will be that of n = 1/2 and the least important will be Q = j; this can be easily understood since the rotation axis is at right angles to the nuclear symmetry axis. Thus, for this new scheme to be possible, the Fermi surface must not be very far from the Q = 1/2 level. ·This means low with respect to the hll/ 2 ·shell on the prolate side, and high on the oblate side. An additional requirement is that f3 cannot be too large, as then the level scheme will go over into the.!strong-coupling model. These requirements enable predictions as to where this scheme should occur, and help explain why there is a difference in · behavior between the oblate and prolate sides as shown in fig. 8 . When the Fermi surface approaches the h 1112
shell from below, the Q = 11/2 state is lowest for large negative values of B, because that .;) The previous discussion can also be turned around so that if one knows where the Fermi surface is and determines the nature of the band, i.e. , whether deformation-aligned or rotation-aligned, the shape of the nucleus is determined.
In the present 'examples of the odd-mass La nuclei (Z =57), the Fermi surface is below the h 1112 proton shell. -
As shown in fig. 7 , the bands built on the 11/2-states are all decoupled. From fig. 8 , it can be seen that this requires that these nuclei be prolate with deformations in the range 0.1 ~S~0.3. This is in contradiction to the conclusions of earlier workers, but we believe the evidence is very compelling.
In addition, we should point out that the type of behavior described above for the odd-mass La nuclei is certainly not restricted just to them. Any high-J shell should show this behavior under the proper conditions, and, in particular, the unique-parity levels in each shell should be candidates, as they have the highest value of j in that shell. Whenever the Fermi surface approaches such a shell from below on the prolate side or from above on the oblate side, the occurrence of a band j, j+2, j+4, ....... , with spacing similar to those I of the ground band of the neighboring doubly-even core nuclei might be expected. Vogel descr1bed such a treatment, but considered only the diagonal terms. Recently the exact diagonalization starting from this limit has been performed 3 5), yielding the same results given here and in the previous paper 31 ).
Finally we should point out that although we believe this new coupling We may summari'ze the exper~mental findings of this work as follows:
1) in each ofthe nuclei, 125 -137 La, a low-lying 11/2-level ha.s been observed (with help from the (a,t} studies of ref.
});
2) the in-beam spectroscopic work shows that above this 11/ to perhaps becoming the ground-state in La.
Features 2) and 3) above show that the properties of these 11/2-bands I are not those expected from either a strong-or weak-coupling scheme. But, all of the results can be encompassed by a new coupling scheme for a high-j particle bound to an axially-symmetric rotor. At moderate deformation the Coriolis interaction tends to decouple the particle from the symmetry axis of the nucleus and to align the particle angular momentum with that of the core. The lowestlying high-spin levels will then form a sequence j, j+2, j+4, .... with energy spacings the same as those of the doubly-even core, just as is observed for the odd-mass La nuclei. Td produce' sucH a band, the Fermi surface must be near the n = 1/2 Nilsson orbital. For the La isotopes, Z =57, this can only.be true if the nuclei are prolate. So, in disagreement with earlier workers, we conclude I that the odd-mass La nuclei are prolate, not oblate.
• .. 
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bAssigned from angular distribution data.
cAssigned from conversion-electrohl data of this work• dObserved in S-decay from Ca. eAssigned from contersion-electron work in ref.
fAssigned from conversion-electron work in ref. 19 ).
• Table 3 131La conversion-electron Table 4 • 133L .
• a convers1on data I , .
-35- Position of the band heads for the states in the odd-mass lanthanums.
The bands based on the 11/2-states in the odd~mass lanthanums compa:red'
to the ground-state bands in the corresponding doubly-even barium nuclei. ... 
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